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Abstract
The cross sections for the multiple production of the lightest neutral Higgs




colliders are presented in the framework of the
Minimal Supersymmetric extension of the Standard Model (MSSM). We
consider production through Higgs{strahlung, associated production of the
scalar and the pseudoscalar bosons, and the fusion mechanisms for which
we use the eective longitudinal vector{boson approximation. These cross





are theoretically determined by the Higgs potential.

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1. Introduction
The only unknown parameter in the Standard Model (SM) is the quartic coupling of the
Higgs eld in the potential, which determines the value of the Higgs mass. If the Higgs
mass is known, the potential is uniquely xed. Since the form of the Higgs potential is
crucial for the mechanism of spontaneous symmetry breaking, i.e. for the Higgs mech-
anism per se, it will be very important to measure the coecients in the potential once
Higgs particles have been discovered.
If the mass of the scalar particle is less than about 150 GeV, it very likely belongs
to the quintet of Higgs bosons, h;H;A;H

predicted in the two{doublet Higgs sector
of supersymmetric theories [1] [h and H are the light and heavy CP{even Higgs bosons,
A is the CP{odd (pseudoscalar) Higgs boson, and H

is the charged Higgs pair]. The
potential of the two doublet Higgs elds, even in the Minimal Supersymmetric Standard
Model (MSSM), is much more involved than in the Standard Model [2]. If CP is
conserved by the potential, the most general two{doublet model contains three mass
parameters and seven real self{couplings. In the MSSM, the potential automatically
conserves CP; in addition, supersymmetry xes all the Higgs self{couplings in terms of
gauge couplings. The remaining three free mass parameters can be traded in for the two
vacuum expectation values (VEV's) of the neutral Higgs elds and one of the physical
Higgs masses. The sum of the squares of the VEV's is xed by the W mass, while the
ratio of VEV's is a free parameter of the model called tg. It is theoretically convenient to
choose the free parameters of theMSSM Higgs sector to be tg and M
A
, the mass of the
CP{odd Higgs boson A. The other Higgs masses and the mixing angle  of the CP{even
neutral sector are then determined. Moreover, since all coecients in the Higgs potential
are also determined, the trilinear and quartic self{couplings of the physical Higgs particles
can be predicted theoretically. By measuring these couplings, the Higgs potential can be
reconstructed { an experimental prima facie task to establish the Higgs mechanism as the
basic mechanism for generating the masses of the fundamental particles.
The endeavor of measuring all Higgs self{couplings in theMSSM is a daunting task.
We will therefore discuss a rst step by analyzing theoretically the production of two light
Higgs particles of the MSSM. These processes may be studied at the proton collider









accelerators that are expected to operate in the rst phase at an energy of 500 GeV
with a luminosity of about
R
L = 20 fb
 1
, and in a second phase at an energy of about
1.5 TeV with a luminosity of order
R
L = 200 fb
 1
per annum [4]. They will allow us to




. The measurement of the coupling 
hAA
will be very dicult.









! hh, through loop diagrams does not involve any
trilinear Higgs coupling; the production rates are rather small [5].
1
(i) Decay of the heavy CP{even neutral Higgs boson, produced either by H{strahlung





















! hA followed by A! hZ decays leads to hhZ background
nal states.


































The cross sections for ZZ fusion in (1) and (4) are suppressed by an order of magnitude.
The largest cross sections can be anticipated for the processes (1), where heavy on{shell
H Higgs bosons decay into pairs of the light Higgs bosons. [Cross sections of similar
size are expected for the backgrounds involving the pseudoscalar Higgs bosons.] We have
derived the cross sections for the four processes analytically; the fusion process has been
treated in the equivalent particle approximation for longitudinal vector bosons.
We will carry out the analysis in the MSSM for the value tg = 1:5. [A summary
will be given in the last section for all values of tg]. In the present exploratory study,
squark mixing will be neglected, i.e. the supersymmetric Higgs mass parameter  and the
parameter A
t
in the soft symmetry breaking interaction will be set to zero, and the radia-




























with the common squark mass xed toM
S
= 1 TeV. In terms of tg and M
A
, the trilinear
Higgs couplings relevant for our analysis are given in this approximation by

hhh























In addition, the coupling

hAA










will be needed even though it turned out { a posteriori { that it cannot be measured using
the experimental methods discussed in this note
2
. As usual, these couplings are dened











masses and the mixing angle  can be expressed
in terms of M
A
and tg [see e.g. Ref. [8] for a recent discussion].
In the decoupling limit [9] for large A, H and H

masses, the lightest Higgs particle









. In this limit, only the rst three diagrams of Fig. 1b and 1d contribute and the




! hhZ and WW ! hh approach the corresponding
cross sections of the SM [10, 11].
2. H Production and hh Decays
If kinematically allowed, the most copious source of multiple h nal states are cascade








































































































s = 500 GeV and
1.5 TeV as a function of the Higgs mass M
H
for a small value of tg = 1:5 where the H
cascade decays are signicant over a large mass range. As a consequence of the decoupling
theorem, associated AH production is dominant for large Higgs masses.
The trilinear Hhh coupling can be measured in the decay process H ! hh

























if the branching ratio is neither too small nor too close to unity. This is indeed the case,
as shown in Fig. 3a, for H masses between 180 and 350 GeV and small to moderate tg




decays. Since the H couplings
2
For small masses the decay h ! AA could have provided an experimental opportunity to measure
this coupling. However, for tg > 1, this area of the MSSM parameter space has been excluded by
LEP [7].
3
to the gauge bosons can be measured through the production cross sections of the fusion
and Higgs{strahlung processes, the branching ratio BR(H ! hh) can be exploited to
measure the coupling 
Hhh
.
The ZH nal state gives rise to resonant two{Higgs [hh] nal states. The AH nal
state typically yields three Higgs h[hh] nal states since the channel A ! hZ is the
dominant decay mode in most of the mass range we consider. This is shown in Fig. 3b
where the branching ratios of the pseudoscalar A are displayed for tg = 1:5.





[Zh]h, which does not involve any of the Higgs self{couplings. However, in this case, the
two h bosons do not resonate while [Zh] does, so that the topology of these background





cross section is shown in Fig. 2 together with the signal cross sections; for suciently
large M
A
, it becomes small, in line with the decoupling theorem [9].
A second large signal cross section is provided by the WW fusion mechanism. [Since
the NC couplings are smaller compared to the CC couplings, the cross section for the ZZ




, i.e. one order of magnitude smaller than









































(   ) (11)










is also shown in Fig. 2 for the two
energies
p
s = 500 GeV and 1.5 TeV as a function of the Higgs massM
H
and for tg = 1:5.




! [hh] + missing energy are very clear, competing only with H{
strahlung and subsequent neutrino decays of the Z boson. Since the lightest Higgs boson
will decay mainly into b





s = 500 GeV, about 500 signal events are predicted in the mass range of M
H

200 GeV for an integrated luminosity of
R
L = 20 fb
 1
per annum; and at
p
s = 1:5 TeV,





per annum in the interesting mass range between 180 and 350 GeV. Note that for
both energies, the Ah background cross section is signicantly smaller.
3. Non-Resonant Double hh Production

















hh outside the resonant H ! hh
range are disfavored by an additional power of the electroweak coupling compared to the
resonance processes. Nevertheless, these processes must be analyzed carefully in order to
measure the value of the hhh coupling.
3
In the eective W approximation, the cross section may be overestimated by as much as a factor of 2




















































s are the scaled
energies of the Higgs particles, x
3




is the scaled energy of the Z boson;
y
k
= 1   x
k





=s. In terms of these




























































































































































































[omitting the small decay widths of the Higgs bosons]. Only the coecient a includes

















































































































































































































































  1 + 3y
1



























  2 + y
1



























































































! hhZ) is shown for
p
s = 500 GeV at tg = 1:5 as a function
of the Higgs mass M
h
in Fig. 4a. For small masses, the cross section is built up almost
exclusively by H ! hh decays [dashed curve], except close to the point where the 
Hhh
coupling accidentally vanishes (cf. Ref.[8]) and for masses around  90 GeV where addi-




values where BR(A ! hZ) is large; c.f. Fig.3]. For intermediate masses, the resonance
contribution is reduced and, in particular above 90 GeV where the decoupling limit is
approached, the continuum hh production becomes dominant, falling nally down to the
cross section for double Higgs production in the Standard Model [dashed line]. After
subtracting the H ! hh decays [which of course is very dicult], the continuum cross
section is about 0:5 fb, and is of the same order as the SM cross section at
p
s = 500
GeV. Very high luminosity is therefore needed to measure the trilinear hhh coupling. At
higher energies, since the cross section for double Higgs{strahlung scales like 1=s, the
rates are correspondingly smaller, c.f. Fig.4b.
Prospects are similar for large tg values. The cascade decay H ! hh is restricted
to a small M
h
range of less than 70 GeV, with a production cross section of  20 fb at
p
s = 500 GeV and  3 fb at 1.5 TeV. The continuum cross sections are of the order
of 0:1 fb at both energies, so that very high luminosities will be needed to measure the
continuum cross sections in this case if the background problems can be mastered at all.




! Ahh (cf. Fig.1c).
However, it turned out that the cross section is built up almost exclusively by resonant
AH ! Ahh nal states, with a very small continuum contribution, so that the measure-
ment of the coupling 
hAA






In the eective longitudinal W approximation
4



















































































































































































































































































































































































































































































The scaling variables are dened in the same way as before. s^
1=2
is the c.m. energy of the
subprocess, 
W












are the velocities of the W
and h bosons, and
x
W

















































In the decoupling limit, the cross section reduces again to the SM cross section which


















































































hh) shown in Fig. 4b as a function of the light Higgs mass M
h
for tg = 1:5 at
p
s = 1:5 TeV. It is signicantly larger than for double Higgs{strahlung
in the continuum. Again, for very light Higgs masses, most of the events are H ! hh
decays [dashed line]. The continuum hh production is of the same size as pair production
of SM Higgs bosons [dotted line] which, as anticipated, is being approached near the
upper limit of the h mass in the decoupling limit. The size of the continuum hh fusion
cross section renders this channel more promising than double Higgs{strahlung for the
measurement of the trilinear hhh coupling.
For large tg values, strong destructive interference eects reduce the cross section
in the continuum to very small values, of order 10
 2
fb, before the SM cross section is
7
reached again in the decoupling limit. As before, the hh nal state is almost exclusively
built up by the resonance H ! hh decays.
4. Summa
It is convenient to summarize our results by presenting Fig.5, which displays the areas of
the [M
A








hatching] could eventually be accessible by experiment. The size of these areas is based
on purely theoretical cuts so that they are expected to shrink if background processes and
detector eects are taken into account.
(i) In the case of H ! hh, we require a lower limit of the cross section (H)BR(H !
hh) > 0:5 fb and at the same time for the decay branching ratio 0:1 <BR(H ! hh) < 0:9,
as discussed earlier. Based on these denitions, 
Hhh
may become accessible in two
disconnected regions denoted by I and II [135
0
hatched] in Fig.5. For low tg, the left
boundary of Region I is set by LEP1 data. The gap between Regions I and II is a result
of the nearly vanishing 
Hhh
coupling in this strip. The right boundary of Region II is
due to the overwhelming t

t decay mode for heavy H masses, as well as due to the small
H production cross section. For moderate values of tg, the left boundary of Region I is
dened by BR(H ! hh) > 0:9. In the area between Regions I and II, H cannot decay




. For large tg
>

10, BR[H ! hh(AA)] is either too
large or too small, except in a very small strip, M
A
' 65 GeV, towards the top of Region
I. [Note that h and A are nearly mass{degenerate in this area.]










! hh cross section, 
cont
, is larger than 0:5 fb. Note that the resonant H ! hh
events in Region II must be subtracted in order to extract the 
hhh
coupling.
In conclusion, we have derived the cross sections for the double production of the













! Ahh], and in the
WW fusion mechanism. These cross sections are large for resonant H ! hh decays so
that the measurement of the triple Higgs coupling 
Hhh
is expected to be fairly easy for
H ! hh decays in theM
H
mass range between 150 and 350 GeV for small tg values. The
continuum processes must be exploited to measure the triple Higgs coupling 
hhh
. These
continuum cross sections, which are of the same size as in the SM, are rather small so
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! hhA and (d) WW ! hh.





















! Ah [the dashed curve shows
1
2
 (Ah) for clarity of the gures]. The
c.m. energies are chosen
p
s = 500 GeV in (a), and 1.5 TeV in (b).
Fig. 3: The branching ratios of the main decays modes of the heavy CP{even neutral Higgs
boson H in (a), and of the pseudoscalar Higgs boson A in (b).





at a c.m. energy of
p






s = 1:5 TeV (b).
Fig. 5: The areas of the [M
A




could eventually be accessible by experiment at
p



























































50 100 200 500
Fig. 5
15
